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I n t e rmed ia t e  Mass Fragment (IMF) emiss ion  is momentum" P, de f i ned  as :  
cons ide r ed  t o  be t h e  s i g n  of decay of h igh ly  e x c i t e d  
n u c l e a r  ma t t e r ,  mainly due t o  t h e  f a c t  t h a t  it appears  
-+ -+ 
a t  r e l a t i v e l y  h igh  p r o j e c t i l e  ene rg i e s .  Measurable where Po is i n c i d e n t  momentum, PIW t h e  momentum of t h e  
+ 
c r o s s  s e c t i o n s  f o r  IMF product ion  appear  a t  i n c i d e n t  IMF, PR t h e  momentum of t h e  r e c o i l i n g  t a r g e t  r e s i due .  
e n e r g i e s  E/A = 20-30 MeV, f o r  l i g h t  i on  p r o j e c t i l e s 1 , 2  I f  t h e  miss ing  momentum i s  d i f f e r e n t  t han  ze ro ,  some 
a s  w e l l  a s  f o r  i n t e r m e d i a t e  mass and heavy non-equi l ibr ium emiss ions  must have occurred  i n  
p r o j e c t i l e s 3 , 4 .  The f a c t  t h a t  IMF y i e l d s  a r e  observed a d d i t i o n  t o  IMF emiss ion .  S ince  IMF e j e c t i l e s  c a r ry  
i n  r e a c t i o n s  induced by l i g h t  p r o j e c t i l e s  demonst ra tes ,  away momenta comparable t o  t h e  beam momentum, t h e  
t h a t  t a r g e t  f r agmen ta t i on  is a t  l e a s t  p a r t i a l l y  d i r e c t i o n  of t h e  r e c o i l i n g  t a r g e t  w i l l  i n  g e n e r a l  be 
r e s p o n s i b l e  f o r  IMF y i e l d s  i n  heavy i on  induced d i f f e r e n t  from t h e  beam d i r e c t i o n .  One u se s  t h i s  f a c t  
r e a c t i o n s .  Var ious  models have been proposed t o  t o  a rgue  t h a t  t h e  miss ing  momentum d i r e c t i o n  may 
e x p l a i n  t h i s  phenomenon5-8. While i t  is f r e q u e n t l y  provide  one w i th  a  " r e a c t i o n  c lock" ,  t h a t  w i l l  a l l ow  
assumed i n  most c a l c u l a t i o n s  t h a t  t h e  e n t i r e  beam one t o  d i s t i n g u i s h  between non-equil ibrium emiss ion  
energy i s  a v a i l a b l e  i n  t h e  e x c i t e d  sys tem a t  t h e  moment t h a t  occurs  p r i o r  t o  or  f o l l owing  IMF emission.  
of t h e  IMF emiss ion ,  i n c l u s i v e  s t u d i e s  of l i n e a r  Namely, i f  p a r t i c l e  emiss ion  occurs  p r i o r  t o  IMF 
momentum t r a n s f e r  sugges t  t h a t  t h i s  may not  be t h e  emiss ion ,  t h e  beam a x i s  should  be t h e  an i so t ropy  a x i s  
case .  The purpose of t h e  experiment de sc r i bed  h e r e  was and t h e  miss ing  momentum should  po in t  a long  t h e  beam 
t o  de termine  whether IMF emiss ion  occurs  predominantly d i r e c t i o n .  I f  p a r t i c l e  emiss ion  occurs  a f t e r  IMF 
from even t s  i n  which t h e  f u l l  beam energy  i s  a v a i l a b l e  emiss ion ,  t h e  r e l e v a n t  an i so t ropy  a x i s  is somewhere 
f o r  decay. between t h e  r e c o i l  d i r e c t i o n  and t h e  d i r e c t i o n  o p p o s i t e  
To ach i eve  t h i s  goa l ,  co inc idences  between IMF t o  t h e  d i r e c t i o n  i n  which IMF was emi t t ed ;  t h u s ,  t h e  
e j e c t i l e s  and two f i s s i o n  f ragments  i n  t h e  270 MeV mi s s ing  momentum should  po in t  somewhere between t h e s e  
3 ~ e  + 2 3 2 ~ h  r e a c t i o n s  were measured. Angular  two d i r e c t i o n s .  
c o r r e l a t i o n s  between f i s s i o n  f ragments  a l l ow  one t o  The expe r imen t a l  arrangement f o r  t h e s e  s t u d i e s  was 
de termine  whether t h e  observed  IMF was accompanied by des igned  t o  a l l ow  f o r  i d e n t i f i c a t i o n  of t h e  average  
some o t h e r  unobserved e j e c t i l e s  emi t t ed  p r i o r  t o  o r  r e c o i l  d i r e c t i o n  and t h e  magnitude of i t s  v e l o c i t y .  
s imu l t aneous ly  w i th  t h e  IMF emiss ion .  I n  o rde r  t o  make F igu re  l a  shows t h e  expe r imen t a l  s e tup .  It c o n s i s t e d  
such  a  de t e rmina t i on ,  one c a l c u l a t e s  t h e  "missing of two x-y p o s i t i o n  s e n s i t i v e  w i r e  chambers and s i x  
AE-E t e l e s c o p e s  f o r  IMF i d e n t i f i c a t i o n ,  pos i t i oned  a t  
t h r e e  LAB ang l e s ,  +15", +75', +160°. P a r t i c l e  
t e l e s c o p e s  c o n s i s t e d  of 3  s u r f a c e  b a r r i e r  d e t e c t o r s  
each ,  wi th  t h i cknes se s  15-30pm f o r  t h e  f i r s t  e lement ,  
300-2000pm f o r  t h e  second and 2000-5000pm f o r  t h e  t h i r d  
one, ( s e r v i n g  mainly as  a  l i g h t  p a r t i c l e  ve to ) .  F igu re  
l b  shows t h e  p r i n c i p l e  behind t h e  expe r imen t a l  method. 
The f o l d i n g  ang l e  between two f i s s i o n  fragments (GAB), 
t h e  LAB v e l o c i t y  of t h e  f i s s i o n i n g  system v ,  and t h e  
ang l e  between t h e  r e c o i l  d i r e c t i o n  and a x i s  of t h e  
f i s s i o n  a r r a y  a r e  r e l a t e d  through some func t i on :  
v  = ~ ( @ , O A B )  ( 1  
Looking a t  i d e n t i c a l  energy  g a t e s  i n  both t e l e s copes  
c o n s t i t u t i n g  t h e  p a i r ,  one looks  a t  two k inema t i ca l  
s i t u a t i o n s  t h a t  a r e  m i r ro r  images of each o t h e r .  Thus, 
t h e  ang l e s  @ i n  both cases  a r e  r e l a t e d  t o  each o t h e r  i n  
a  known way. One measures f o l d i n g  a n g l e s  i n  
co inc idence  wi th  both t e l e s c o p e s ,  de t e rmin ing  t h e  s e t  
of two equa t i ons  
where OFA deno t e s  t h e  ang l e  of f i s s i o n  a r r a y  i n  t h e  
I I1 
LAB. % i s  t h e  r e c o i l  d i r e c t i o n  and GAB, O A ~  a r e  
f o l d i n g  ang l e s  i n  co inc idence  w i th  two t e l e c o p e s  
d e t e c t i n g  IMFs a t  t h e  same ang l e .  
S ince  only  two q u a n t i t i e s  a r e  unknown i n  t h e  
equa t i on  system ( 2 ) ,  @R and v, one can c a l c u l a t e  them 
on t h e  b a s i s  of two f o l d i n g  ang l e s .  F igu re  2  shows 
f o l d i n g  ang l e s  a s  a  f u n c t i o n  of t h e  e j e c t i l e  Z v a l u e  
f o r  a l l  IMF emiss ion  ang l e s .  Open symbols i n d i c a t e  
p r e d i c t i o n s  of f o l d i n g  ang l e  va lue s  f o r  2-body f i n a l  
s t a t e  s i t u a t i o n  (IMF + t a r g e t  r e s i d u e ) .  S o l i d  symbols 
i n d i c a t e  measured va lue s  of t h e  f o l d i n g  ang l e .  F igu re  
3 shows p l o t s  of miss ing  momentum components a s  a  
f u n c t i o n  of t h e  e j e c t i l e  Z va lue s  f o r  a l l  t h r e e  a n g l e s  
measured. Two energy  g a t e s  a r e  shown f o r  t h e  15' IMF 
d e t e c t i o n  ang l e .  As one can s e e ,  t h e  miss ing  momentum 
has  c o n s i s t e n t l y  much l a r g e r  component a l ong  t h e  beam 
d i r e c t i o n ,  (P component) than  t h e  one pe rpend i cu l a r  t o  
t h e  beam d i r e c t i o n  (PI component). Cons is tency  of t h e  
d a t a  f o r  a l l  a n g l e s ,  f a v o r s  t h e  i n t e r p r e t a t i o n  t h a t  up 
t o  25% of t h e  beam momentum i s  emi t t ed  p r i o r  t o  o r  
Fig. la  
s imu l t aneous ly  w i th  t h e  i n t e r m e d i a t e  mass fragment.  
The d a t a  p r e sen t ed  above sugges t  t h a t  compl ica ted  
e x c i t a t i o n s  i nvo lv ing  numerous nucleon-nucleon 
c o l l i s i o n s  a r e  not  a  good probe of complete f u s i o n  
even t s  a t  t h e  energy E / A  = 90 MeV (and probably  
somewhat below t h i s  va lue ) .  The re fo r e ,  i n  models t h a t  
I Fig. Ib  
Figu re  l a .  Exper imenta l  arrangement.  
F igu re  lb .  P r i n c i p l e  of t h e  expe r imen t a l  method. 
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Figu re  2. Fo ld ing  ang l e  a s  a  f u n c t i o n  of t h e  
e j e c t i l e  Z number. S o l i d  symbols i n d i c a t e  measured 
va lues .  Open symbols show f o l d i n g  ang l e  expec ted  
i n  t h e  ca se  of t h e  2-body f i n a l  s t a t e .  Two energy 
g a t e s  a r e  shown f o r  t h e  IMF emiss ion  ang l e  15". 
15" (high E l  
Figu re  3.  Miss ing  momentum components f o r  a l l  
t h r e e  ang l e s  of IMF emission.  
i nc lude  only nucleon degrees  of freedom, one should  be 
very  c a r e f u l  assuming t h a t  t h e  e n t i r e  beam energy i s  
a v a i l a b l e  i n  t h e  r e a c t i o n  a s  an  e x c i t a t i o n  energy,  even 
i n  c e n t r a l  c o l l i s i o n s .  
I n  o rde r  t o  de termine  whether t h e  momentum 
t r a n s f e r  measurement was not  b iased  by t h e  f i s s i o n  
t r i g g e r ,  t h e  f i s s i o n  branching r a t i o  was c a l c u l a t e d .  
The f i s s i o n  branching r a t i o  is de f i ned  a s  t h e  r a t i o  
between t h e  y i e l d  of co inc idences  normalized w i th  t h e  
e f f i c i e n c y  f o r  f i s s i o n  fragment d e t e c t i o n  and i n c l u s i v e  
y i e l d  of i n t e r m e d i a t e  mass fragments.  F igu re  4 shows 
p l o t s  of t h e  f i s s i o n  branching r a t i o  f o r  a l l  t h r e e  
ang l e s  of IMF emiss ion .  At t h e  15" emiss ion  ang l e ,  t h e  
r a t i o  is very c l o s e  t o  1.0 f o r  a l l  Z v a lue s .  For 75"  
and 160°,  one observes  t h e  dependence of t h e  branching  
r a t i o  on t h e  e j e c t i l e  Z va lue .  The comparison between 
t h e  measured f i s s i o n  branching r a t i o s  and c a l c u l a t i o n s  
w i th  t h e  s t a t i s t i c a l  model code (MBII-Ref. 9) s t r o n g l y  
sugges t s  t h a t  most of t h e  IMF i n c l u s i v e  y i e l d s  a r e  s een  
i n  t r i p l e  co inc idences  when t h e  IMF is em i t t ed  a t  15". 
This  r e s u l t ,  i n  a d d i t i o n  t o  t h e  r e l a t i v e l y  sma l l  
magnitude of miss ing  momentum, sugges t s  t h a t  t h e  
m u l t i p l i c i t y  of heavy f ragments  is very c l o s e  t o  one. 
Emission of two heavy f ragments  wi th  s u b s t a n t i a l  c r o s s  
s e c t i o n  would dec r ea se  f i s s i o n  branching r a t i o  
d r ama t i ca l l y .  
The change i n  t h e  dependence of branching  r a t i o  on 
t h e  IMF atomic number when t h e  IMF d e t e c t i o n  ang l e  is 
i nc r ea sed ,  can be i n t e r p r e t e d  a s  a  r e s u l t  of 
compe t i t i on  between f i s s i o n  and a l t e r n a t i v e  modes of 
s t a t i s t i c a l  decay of t h e  e x c i t e d  t a r g e t  r e s i due .  The 
assumption must be made t h a t  t h e  average  charge  and 
energy  l o s t  i n  t h e  non-equi l ibr ium phase of t h e  
r e a c t i o n  i n c r e a s e s  when t h e  IMF emiss ion  ang l e  
i n c r e a s e s .  I t ,  t h e r e f o r e ,  seems t h a t  l a r g e  ang l e  IMF 
emiss ions  a r e  a s s o c i a t e d  w i th  more c e n t r a l  and v i o l e n t  
the very limited mass and energy loss (well reflected 
Figure 4. "Fission Branching Ratio" plotted as a 
function of the ejectile Z value for all three angles 
measured. 
collisions, leading to the larger mass and energy loss 
before equilibrium is attained. On the other hand, IMF 
emission into small angles seems to be associated with 
more peripheral, less violent collisions that result in 
by the missing momentum value) in addition to the 
emitted IMF. It is very desirable to confirm this 
observation through IMF-light particle coincidences. 
It underlines important difference between the reaction 
mechanism producing IMFs emitted into forward 
hemisphere and IMFs emitted into more backward angles. 
IMFs detected in the backward hemisphere can possibly 
be used as a signature of the most violent central 
collisions. Light particles detected in coincidence 
with IMF can provide valuable information about the 
early stage of central collisions at intermediate 
energies. 
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